249 21 Abstract: 30 Short-term synaptic plasticity is a critical regulator of neural circuits, and largely determines how 31 information is temporally processed. In the olfactory bulb, afferent olfactory receptor neurons 32 respond to increasing concentrations of odorants with barrages of action potentials, and their 33 terminals have an extraordinarily high release probability (Sicard, 1986; Murphy et al., 2004). 34 These features suggest that during naturalistic stimuli, afferent input to the olfactory bulb is 35 subject to strong synaptic depression, presumably truncating the postsynaptic response to 36 afferent stimuli. To examine this issue, we used single glomerular stimulation in mouse olfactory 37 bulb slices to measure the synaptic dynamics of afferent-evoked input at physiological stimulus 38 frequencies. In cell-attached recordings, mitral cells responded to high frequency stimulation 39 with sustained responses, whereas external tufted cells responded transiently. Consistent with 40 previous reports (Murphy et al., 2004), olfactory nerve terminals onto both cell types had a high 41 release probability (0.7), from a single pool of slowly recycling vesicles, indicating that the 42 distinct responses of mitral and external tufted cells to high frequency stimulation did not 43 originate presyaptically. Rather, distinct temporal response profiles in mitral cells and external 44 tufted cells could be attributed to slow dendrodendritic responses in mitral cells, as blocking this 45 slow current in mitral cells converted mitral cell responses to a transient response profile, typical 46 of external tufted cells. Our results suggest that despite strong axodendritic synaptic depression, 47 48 respectively, tunes the postsynaptic responses to high frequency, naturalistic stimulation.
the balance of axodendritic and dendrodendritic circuitry in external tufted cells and mitral cells, 7 perfusion system. The drugs used included: 2 mM kynurenic acid, 500 nM sulpiride, 200 nM 143 CGP55845, 10 µM CPP and 20 µM CPCCOEt. All drugs were purchased from Abcam 144 Biochemical (Cambridge, MA, USA) or Tocris Biosciences (Ellisville, MO, USA) .
145
Data Analysis. Electrophysiology data was analyzed using AxographX 146 (www.axograph.com) and IGOR Pro (version 6.22A, Wavemetrics). Spike waveforms in cell-147 attached recordings were detected using a threshold detection criteria in AxographX, which was 148 used to calculate the total spike number and to generate raster plots. Voltage clamp traces 149 represent the average of 5-10 sweeps after baseline subtraction. Fast EPSC amplitude 150 measurements were made foot-to-peak, to eliminate any contribution of the slow current. To 151 directly measure the slow current we recorded the EPSC amplitude just prior to each stimulus 152 within the train. The total charge transfer (0 -2.5 seconds after stimulus onset) was measured 153 using a built-in AxographX routine. Data was normalized to the first fast peak EPSC amplitude, 154 unless otherwise noted. 155 To estimate release probability, we used two methods to calculate the size of the readily 156 releasable pool, each of which utilizes different assumptions (Neher, 2015; Thanawala & 8 linear fit to the first 3 EPSCs was used to calculate the size of the readily releasable pool (x-165 intercept). Release probability was then calculated as in the SMN method. 166 Statistics: All data is reported as mean±SEM unless otherwise indicated. Statistical 167 analysis was performed in Prism6 (GraphPad Software, La Jolla, CA). One-way and two-way 168 repeated measure experiments were analyzed using ANOVA with Holm-Sidak post-hoc pairwise 169 comparisons as indicated in the text. To compare the exponential fit across data sets, an extra 170 sum of squares F-test was performed to compare lines of best fit. In agreement with previous 171 electrophysiological studies, the data was assumed to be normally distributed, and was thus 172 analyzed using parametric statistics. Student's paired and unpaired t-tests were used as 173 appropriate. Sample sizes were chosen to detect an effect size of 20%, based on prior, similar 174 experiments, with a power of 0.8. In all experiments, the initial value for α was set to p<0.05, 175 and was adjusted for multiple comparisons as appropriate. 
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In order to quantify the temporal filter in mitral cells and external tufted cells, we 191 calculated the percentage of the total spikes that occurred within 20 ms of each stimulus within 192 the 50 Hz train. Using this metric, a steep input-output curve is indicative of a transient temporal 193 filter. In both mitral cells and external tufted cells, the input-output curve was fit by a single 194 exponential decay. In mitral cells, this relationship was relatively shallow (τ=5.2 stimuli), 195 consistent with the observed sustained transmission. On average, mitral cells produced 7.8±2.7%
196
of total spikes immediately after the first stimulus and 3.8±1.0% of spikes following the final 197 stimulus (n=7 cells). In contrast, external tufted cells had a much steeper input-output 198 relationship (τ=3.2 stimuli), producing 13.7±4.0% of total spikes after the first stimulus and Murphy et al., 2004) . To determine the release probability, we stimulated at high frequencies to 208 estimate the size of the readily releasable pool using two analytical approaches as described in 209 the methods (Elmqvist & Quastel, 1965; Schneggenburger et al., 1999; Neher, 2015 ; Thanawala somewhat lower than previous estimates in tufted cells (Murphy et al., 2004) , which likely 219 reflects the activation of presynaptic D 2 and GABA B receptors in our experiments (Nickell et al., 220 1994; Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001; Wachowiak et al., 2005; Maher & 221 Westbrook, 2008; Shao et al., 2009; Vaaga et al., 2017) . Consistent with this hypothesis, 222 measurements of the release probability in D 2 and GABA B receptor antagonists (500 nM 223 sulpiride and 200 nM CGP55845, respectively) increased the release probability to 0.95±0.06 224 (SMN method, n=4 cells, unpaired t-test: p=0.008). Furthermore, 2 mM kynurenic acid, which 225 blocks receptor saturation and desensitization (Trussell et al., 1993; Wadiche & Jahr, 2001; 226 Foster et al., 2002; Wong et al., 2003; Chanda & Xu-Friedman, 2010) probabilities, which, if present, could obscure our measurements of release probability and 234 support sustained transmission at high stimulation frequencies (Neher, 2015; Turecek et al., 235 2016). To test for the presence of multiple pools of synaptic vesicles, we stimulated at 10 Hz (20 236 pulses) to deplete the high release probability pool then switched to 50 Hz stimulation (20 237 pulses), a protocol that has been used to reveal a transient facilitation resulting from the low 238 release probability of a separate pool of vesicles (Lu & Trussell, 2016; Turecek et al., 2016) . In 
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Sustained responses in some cases can be maintained despite high release probability as a 248 result of fast vesicle replenishment (Wang & Kaczmarek, 1998; Saviane & Silver, 2006) .
249
However, the phasic EPSC amplitude recovered surprisingly slowly, following a double synapses in the brain. Although many synapses, such as the climbing fiber synapse in the 347 cerebellum, have a high release probability (Silver et al., 1998; Dittman et al., 2000) , such 348 16 terminals generally show multi-vesicular release (Wadiche & Jahr, 2001; Rudolph et al., 2015) . 349 However, the similar paired pulse ratio in control and low affinity antagonists suggest that ORN 350 synapses operate using univesicular release (Murphy et al., 2004; Taschenberger et al., 2016) .
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Another uniquantal, high release probability synapse exists in barrel cortex between layer 4 and 352 layer 2/3 neurons (Silver et al., 2003) . However, in this case, the presynaptic neuron generally -Viret et al., 1999; Carey et al., 2009; Tan et al., 2010) .
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In theory, the high frequency transmission of the ORN could be maintained despite a 359 high initial release probability through multiple mechanisms including fast vesicle recycling 360 (Kushmerick et al., 2006; Saviane & Silver, 2006 ) and a second pool of low release probability 361 vesicles (Lu & Trussell, 2016; Taschenberger et al., 2016; Turecek et al., 2016) . These 362 properties, however, appear to be absent in ORNs. In fact, the recovery of the fast EPSC , 1996) . This unimodal input is critical for odorant identification, as each odorant mixture 372 elicits a unique map of activated glomeruli, a so-called odor image (Xu et al., 2000) . However, 373 from a computational perspective, the massive redundancy is a waste of information channels 374 (Rieke, 1999; Chen & Shepherd, 2005) . Furthermore, each olfactory receptor neuron responds to 375 increases in odorant concentration with monotonic increases in firing frequency, reaching up to 376 100 Hz (Sicard, 1986; Duchamp-Viret et al., 1999; Carey et al., 2009; Tan et al., 2010) . Coupled An advantage of such a high initial release probability is that odorant binding events in 381 the periphery are faithfully transmitted to the olfactory bulb in a nearly all-or-none manner. The The high release probability of axodendritic input comes at another cost: the "noisy" 394 olfactory environment dramatically increases the total number of activated glomeruli in response 395 to ambient air. The signal to noise ratio, therefore, is enhanced through multiple mechanisms, 396 including the dendrodendritic amplification within the glomerulus (Carlson et al., 2000; Chen & 397 Shepherd, 2005; De Saint Jan & Westbrook, 2007; Vaaga & Westbrook, 2016) . The robust 398 increase in synaptic charge associated with the slow, dendrodendritic current effectively converts 399 the transient axodendritic input into a sustained spiking response, greatly amplifying afferent 400 input. Interestingly, our results indicate that only a subset of excitatory neurons, the mitral cells, 401 within the glomerulus express dendrodendritic amplification (Vaaga & Westbrook, 2016) . al., 2004; Igarashi et al., 2012; Fukunaga et al., 2012; Kikuta et al., 2013) . Mitral cells, on the 408 other hand, are more narrowly tuned than tufted cells, and shift their responses relative to the 409 sniff cycle in response to increasing odorant concentrations (Nagayama et al., 2004; Kikuta et 410 al., 2013) . These in vivo results are consistent with the view that tufted cell responses maintain 411 the sensitivity of the ORN, via strong afferent evoked responses, whereas mitral cells provide 412 robust amplification, via strong dendrodendritic circuitry. 
